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Abstract
This project aims to study di erent ways to decrease the temperature inside
tropical urban environments in order to mitigate the Urban Heat Island
(UHI) e ect. A first part reviews all the factors that are responsible for
a ecting the climate in urban areas. The second part focuses on studying
the potential of retro-reflective materials as window coatings to mitigate
the heat trapped in urban canyons. We performed experiments to determine
how e ective these materials are in mitigating solar heating gain when they
are able to reflect solar radiation away beyond the urban canopy. It has been
shown that under certain conditions, retro-reflective materials can reduce
the amount of energy trapped at the ground level by 15% and therefore
improve pedestrians thermal comfort. The last part of the study examines
the natural ventilation of a specific area in Singapore using CFD simulation.
Results are then used to evaluate the thermal comfort of the pedestrians
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Dynamics and features of the
urban climate: causes and
consequences
1 Introduction
The world’s population is constantly increasing, and the recent years have
seen the apparition of new megacities that become greater and greater.
When a city or a metropolitan area is significantly warmer than its sur-
rounding areas due to human activities, this area is called an Urban Heat
Island. More anthropogenic heat rejection, higher wind blockage e ect,
higher absorption of solar radiation by artificial materials, lack of evapo-
transpiration due to vegetation disappearance and reduced long-wave emis-
sion to the sky due to the trapping e ect of buildings are factors that help
in increasing the urban heat island e ect.
These warmer micro-climate areas cause people’s discomfort and trigger
heat-related diseases and premature deaths in cities. They are also in-
creasing the energy demand, especially the ventilation and Air condition-
ing demand.
Mitigating the Urban Heat Island has been a major issue in the past
few years. E ectiveness of strategies are evaluated with di culty due to
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constant changing conditions and inaccuracy of existing models. A lot of
complex phenomena should be included in these models that also need in-
tensive computational calculations.
Figure 1: Schematic of the Urban Heat Island profile
In the first part of this report, we are defining the urban climate as
well as how it is alterated by the di erent manmade features of the city.
After defining the energy budget for an urban surface element, we will see
how the geometry, materials and vegetation modify the balance. A small
section is then dedicated to the consequences on energy consumption of
the buildings.
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2 Characteristics of the urban climate
2.1 Urban scales
UHI is the main phenomenon studied by the field of urban climatology.
It is typically observed at a large scale but is induced by a multitude of
factors that occur at a microclimatic scale.
To understand urban climate, it is necessary to appreciate the concept
of urban scales. According to Oke [21] (Figure 2), there are 3 types of
horizontal scales when studying urban climate :
• Microscale :
It is related to the individual buildings, trees, streets, and other ob-
jects that can be found in an urban environment. It extends from
less than one metre to a few hundreds of metres.
The surface and fluid temperatures only vary by some degrees over
very short distances. A single object can change the distribution of
temperatures and the airflow.
• Local scale :
This scale doesn’t take into account the e ects of microscale but still
considers landscape features.
This scale extends from one to several kilometres.
• Mesoscale :
This is the scale of the whole city that can reach tens of kilometres.
Our study will only focus on the microscale. The dimensions of the
urban areas studied will not exceed 300m.
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Figure 2: Urban climatic scales and vertical layers in urban areas, Oke
1987.
2.2 Energy budget
Because of its strong di erence with a natural environment, the urban en-
vironment is subject to a modified energy balance which needs to include
some specific elements that are at the origin of the climatic and micro-
climatic processes. The atmosphere can be considered as a heat engine
in equilibrium with all the fluxes of its surrounding elements. An urban
surface element is a 3D fraction of the urban environment containing the
ground, buildings, urban elements and the surrounding air bulk separated
from another air space called the roughness sub-layer by the urban canopy.
(The urban surface element according to Oke [21] is illustrated on Figure
3 as well as the energy budget applied to it). The ground surface is now a
patchwork of vegetal, mineral and synthetic surfaces that contains more or
less water because of natural but also artificial causes. Radiative proper-
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ties are di erent for all the materials and the geometry of the environment
di ers a lot from any natural area. As a consequence, the thermal and
aerodynamic behaviors of the whole space are changed and this will have
consequences on the energy balance as well.
At a small scale, which is the one we are usually considering in this study,
singular phenomenons are taken into account, like for instance the human
and buildings interactions with the environment.
The whole energy balance of a surface urban element can be formulated,
as a first approximation, as follows : QR+QF = QH+QC+QL+”QS+”QA
• QR (in W.m≠2) is the radiant flux coming from the sun throughout
the whole electromagnetic spectrum. It is the main energy source of
the balance. It shows the highest variations depending on daytime
or nighttime, but also on the weather, cloud coverage, etc. . .
The radiative budget can be explained as follows :
QR = (1≠ ﬂ)Rsun,g +RIR,atm
where ﬂ is the albedo of the surface and RIR,atm is the IR net flux
exchanged with the atmosphere. This one can be estimated by sup-
posing an imaginary temperature for the atmosphere mass and using
the Stefan-Boltzmann law.
Rsun,g can be decomposed into Rsun,dis and Rsun,di  which are the
direct and di use components of the sun radiation in W.m≠2.
• QH represents the convective budget. It is related to the heat trans-
fers occuring between solid surfaces and the air bulk due to their tem-
perature di erence. It occurs between the di erent air spaces and at
the interface between the walls, ground and adjacent air spaces. The
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convective load between a surface at a temperature Ts and the air
space at the temperature Tair is linked to the convective heat transfer
coe cient through the relation : QH = hc(Ts ≠ Tair)
• QC is the conduction budget. The heat is conducted transversely
through the di erent materials and fluid bulks due to the temperature
gradient. It obeys to the Fourier’s Law : q˛ = ≠kÒT ,
q˛ being the local heat flux density, k the material’s conductivity and
ÒT the temperature gradient.
• QF is the anthropogenic heat flux. It corresponds to the sum of all
the heat rejections from the motorized vehicles, buildings (through
the aircon systems for instance), industries, urban equipments and
human and animal metabolism.
It is relatively low, as its value usually stays around 100W.m≠2.
• QL is the latent heat flux. It quantifies the evapotranspiration of the
surfaces studied. As the surfaces in the urban environment are often
impermeable, the evaporation and therefore the humidity is low.
• ”QS is the stocked flux. It contains the heat exchanged with building
surfaces, ground and all the other surfaces that are part of the urban
canopy. ”QS increases with the density of built elements and vertical
surfaces multiplication.
• ”QA is the advective heat flux. This is the amount of energy entering
and leaving the surface urban element. ”QA = Qin ≠Qout
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Figure 3: Schematic of an urban surface element, according to Oke 1976.
3 Alteration of urban climate
The climate in urban areas is di erent from the one in the areas surroud-
ing the city. We are now detailing what are the factors that alterate the
elements of the energy budget developped in the previous section.
3.1 Urban morphology
3.1.1 Urban canyons
Cities tend to develop more vertically than horizontally nowadays, in order
to gather people in the main areas. We will define a street canyon or an
Urban canyon as a place where the street is flanked by buildings on both
sides creating a canyon-like environment. They have the property, due to
their geometry and the materials used for their construction, to trap the
energy coming inside, causing the ambient air temperature between the
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two buildings to increase and therefore contributing to the Urban Heat
Island e ect. The temperature inside actual canyons can be elevated by
2 to 4 degrees. They also modify the direction and velocity of the wind.
There is a consensus on assuming that at a big scale, city centres of big
megacities may be studied as an infinite succession of urban canyons.
An urban canyon is usually defined by its most important geometrical
feature: the ratio of the canyon height H to the canyon width (W), H/W
which is called the aspect ratio. Regular canyons’ aspect ratios are around
1 while deep canyons have an aspect ratio around 2.
Increasing the aspect ratio leads to an increase of the heat accumulated
when looking at it at the urban scale. At the canyon scale, the projected
shadows of the buildings restrict the radiation flux on the vertical surfaces
and on the ground. Ali-toudert et. al [3] showed that the air temperature
of the canyon slowly decreases when the aspect ratio increases.
The length of the urban canyon L is defined as the distance between two
major intersections along the street. A street canyon can be sub-classified
by the ratio of its length to its height, L/H, which is around 3 for short
canyons and can reach 7 for long canyons.
Modulating the facade geometry and therefore changing the volumetry of
the space is also a way to regulate the termal comfort in the street as
well as the orientation of the streets that is an essential parameter when
focusing on the urban microclimate. Usually, North-South oriented streets
are more comfortable than the Est-West ones; and this all year long.
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3.1.2 Urban zones
Di erent urban areas are filled with di erent types of buildings, vegetation,
built with di erent types of materials, ... etc. There is currently no o cial
classification of the di erent types of urban morphologies to link the urban
forms to their impact on the urban microclimatology but Oke [22] identified
di erent types of urban zones depending on three di erent features :
• The roughness class: It is directly linked to the Roughness height,
which is related to the height of terrain roughness elements. This
parameter is usually used to characterize wind profile equations and
the notion will be defined in the last part of this report. It is critical
when considering wind flows inside the urban area.
• The aspect ratio: This has already been defined in the previous sec-
tion.
• The fraction of surface built: This is the proportion of surface cov-
ered by the built elements (buildings, road, pavements, and other
impermeable elements). Everything that is not considered as a built
element is part of the permeable elements (vegetation, water, soil,...
etc )
This classification is showed on Figure 4 where we can distinguish seven
di erent types of urban zones ranking from dense urban neighborhoods
filled by high-rise buildings with cladding like downtown towers to semi-
rural development areas with scattered houses.
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Figure 4: Urban climatic zones and their parameters, Oke.
3.1.3 Radiation trapping
One remarkable phenomenon in urban places is the radiation trapping. It is
the progressive absorption of the radiation flux after the multiple reflexions
on the walls of the buildings and on the ground that will not necessarily
be redirected to the sky. This phenomenon has been essentially studied in
Urban Canyon environments. (Figure 5 [30]).
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Radiation trapping is caused by 2 main factors :
• The first one is directly related to the morphology of buildings and
other urban elements that organize the city in a succession of canyon-
like environments. As explained on Figure 5, due to a lesser view
factor from the sky to the built surfaces, the geometry contributes
to decrease the radiance exchange with the atmosphere in long wave-
length domain. The aspect ratio is a good criterion to character-
ize radiation trapping since it reports the narrowness of the canyon.
However, two opposite e ects can be disentangled in this matter. For
instance, an increase in the aspect ratio means that a higher amount
of heat is trapped in the canyon, but also that there are more shaded
areas available to cool the ground and wall surfaces. As mentionned
before, Ali-Toudert and Mayer [3] concluded in their study that the
canyon air temperature decreases when the aspect ratio increases.
• The materials constituting the urban canyon are also responsible for
the radiation trapping. Usually, synthetic materials used in cities
trap more heat due to their emissive, absorption and reflective prop-
erties. This will be the topic of an other section.
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Figure 5: Radiation trapping according to Estournel
3.1.4 Aerodynamic e ects
Urban morphology acts on microclimatic variables through local phenom-
ena. One of the most remarkable consequences of including buildings in a
natural area is the wind blockage. Wind trends to horizontally balance the
di erent pressure zones, therefore its disturbance caused by the presence
of urban elements modifies the Urban Canopy Layer (UCL) and roughness
sub-layer behaviors.
Average wind speed can be reduced by 50% in the city compared to free
flat surrounding areas. The orientation of the streets as well as the shapes
of the buildings are very important factors that may be modified in order
to improve environment ventilation. If the wind speed decreases, the tur-
bulent heat transfers are also reduced and the heat stored in the streets is
therefore not well evacuated.
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A study made in the city of Paris by Cantat in 2004 [9] showed that for
this particular case, the UHI was neither depending on the season, nor on
the fact that there was an anticyclone or a depression in the region, but
only on the sunshine and the wind strength in the city.
The wind speed, especially in hot and humid tropical cities like Singapore is
also responsible for the thermal comfort and discomfort of the inhabitants.
Usually, the temperature is very high and a decrease of 1 or 2 degrees will
not be e ectively felt by the people. The main phenomenon that needs
to be fought is the heat stress which is directly mitigated by the sensation
of wind blowing around the body. In cold climates, this e ect is usually
quantified by a factor called the “Wind Chill”. In this case, the aim is to
mitigate the wind speed in order to prevent people from being hurt as when
the outdoor temperature is very low, Wind Chill can be harmful, causing
frostbites [32]. In the case of tropical climates, as mentioned before, the
wind blowing is beneficial as it helps the body to cool down. Hence, it
is essential to promote the creation of wind corridors through paying at-
tention to orientation of the streets, their narrowness, the creation of large
open spaces and the shapes of the buildings to better ventilate them. Some
studies (Cheng et. al. [11]) tried to adapt the Wind Chill factor to hot
and tropical climate, aiming to quantify the benefits in thermal sensation,
taking into account humidity, solar irradiation and actual temperature of
the surrounding air space.
By extension, ventilation also allows air renewal and purification. An-
thropogenic rejections in urban areas involve a large rate of CO2 in the
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air as well as other greenhouse gases and polluants. In addition to being
harmful, they help trapping the heat into the air space and are therefore
also responsible for the rising temperatures.
Even though a lot of studies (Zajic et. al. 2011 [47], Grimmond and Oke
1998 [14]) have focused on vertical wind profiles around simple urban el-
ements like cubic buildings, simple tree shapes and other urban features
in order to understand the wind behavior in the city, we are now using
new tools when dealing with aerodynamical turbulent flows in urban ar-
eas. From the building to the neighborhood scale, people are using CFD
tools as well as wind tunnels or even field measurements to observe the
modifications on the di erent air bulks.
In situ measurements present the advantage of sensing the high complex-
ity of the urban micro-climate. Nevertheless, this will only allow points
measurements while prohibit 3D full field data and this can only be done
in existing areas. The advantage of wind tunnels [25] is that they o er a
large control of the boundary conditions and can be done at design stage,
before the buildings are built (the results can therefore be used in order
to improve the future reality). However, this will also consist in point
measurements and implies a large simulation cost if 3D data is wanted.
Moreover, since the situation is reproduced at a reduced scale, it needs to
adhere to a similarity criterion which can be a tedious point to achieve.
CFD overcomes all these issues but the accuracy of the results is important.
Choice of the meshing is always a big issue as it needs to be accurate, es-
pecially close to the buildings. Since it requires large power for simulation,
CFD is good for short time periods, in the range of minutes, hours or days
and when the boundary conditions are quite stable (i.e. fixed). Comput-
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ing phenomenon on a large time span (e.g. years) with changing boundary
conditions becomes really time consuming and is often not suitable. That
is why CFD is good for urban micro-scale meteorological simulation, in the
lower part of the atmospheric boundary layer but not for too large scales
and longer periods.
3.2 Materials
Due to the high emissivity of construction (i.e. synthetic) materials (around
0.9) and the abundance of vertical surfaces, the stocked flux ”QS is usually
higher in urban than rural areas [2].
There are two ways to consider the potential of the materials used in con-
struction in reducing the temperature.
The first approach is to focus on their surface properties, i.e. principally
their reflective (ability of the material to reflect solar irradiation) and emis-
sive (ability of the material to release absorbed heat) properties. By only
considering the albedo, it has been shown that the summer afternoon tem-
perature can be lowered by 4 degrees Celsius when doubling the surface
albedo in regions of midlatitude and hot climates [36].
Conversely, some authors think that the reflective and emissive properties
are less important than the specific heat capacity, thermal di usivity and
inertia. Some studies showed that heat storage and emited heat were a lot
more important for asphalt than uncovered soil even though their colors
remain almost the same.
Synnefa and Santamouris, 2007 [40] reported that cool-colored coatings
31
have a potential to mitigate the UHI e ect. They state that reducing the
temperature in urban environments requires cool materials that are char-
acterized by high Solar Reflectance (SR) and IR emittance values, and
assume that the cooler the surface, the lower the heat convection intensity.
They developed special coatings using Near Infra-Red pigments. Their
coatings’ reflectance match with the reflexive properties of classical build-
ing materials and have therefore the same appearance (i.e. they are not
glaring) but have high reflexivity in the IR domain and are hence suitable
for fighting the UHI e ect. They are a passive and inexpensive solution.
Radhi et. al. [26] led a study on 35 di erent surface materials commonly
used in Barhain. They tried to determine the coolness of these materials by
studying their reflective and emissive properties through measuring their
surface temperatures (Ts) and their adjacent air space temperatures (Ta)
both experimentally in lab and outdoor at full-scale. They use the Solar
Reflectance Index (SRI) to characterize the materials. This index helps
in evaluating the coolness of the materials as it is a value calculated us-
ing both solar reflectance and thermal emittance. The study showed that
white materials with low heat storage capacity such as ceramic and marble
usually show the best performance both for their surface temperature and
their adjacent air temperature. Granite, event the light type, usually shows
to be the worst performer. To enhance the performance of the materials,
they can be glazed or coated with more reflective materials. For example,
glazed ceramic tiles and coated concrete will show even better results as
they keep low heat storage but have increased reflectivity.
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The waterproofing of the ground, even though it helps people move faster,
is also responsible for high surface and adjacent air space temperatures as
it reduces evapotranspiration loss.
An important thing to mention is that the building envelope needs to
be viewed not only as a barrier protecting the inside from hard weather
conditions, but also as an element which, because of its thermal and optic
properties, is responsible for the urban atmosphere temperature changes.
Until now, as people spend more than 80% of their time indoors, the trend
has been more to focus on the insulation properties of the construction
materials in order to improve the thermal conditions inside the buildings
without thinking about the outdoor consequences, and therefore degrading
the urban spaces conditions.
Glazing for instance, has been more trying to find types of coating that can
reduce the amount of light and heat transmitted inside the rooms, there-
fore adapting to the visual and thermal comfort criteria of human beings.
New types of coating are being developed, caring of the outdoor conse-
quences, using Retro-Reflective materials (or non di usive materials). This
will be further developed in the following parts of this report.
3.3 Vegetation
The latent flux QS plays an essential role in the energy budget. Vegetation
absorbs the solar radiation and transforms it partially into chemical energy
to fuel the photosynthesis reaction. The rest of the energy is dissipated in
the atmosphere in the form of latent heat. Modern cities usually consists
33
of a very low ratio of vegetal spaces compared to building areas. As a
consequence, the amount of evaporation and transpiration is reduced and
therefore the chemical energy used to grow the plants is actually re-emited
in the atmosphere in the form of sensible heat rather than latent heat.
Trees also provide shadow and protect the pedestrians from solar radia-
tions, especially in tropical cities. This is a way to reduce the heat stored
in building materials in favor of the energy absorbed by the plants.
Planning green spaces should be done adequately, as trees can also be
used as wind blockage elements. In tropical climates, it is very important
to keep vegetation in the urban space as they will cool down the temper-
ature. Nevertheless, due to the transpiration of the plants, they will also
increase the humidity in the air which is usually a factor of discomfort.
4 Consequences on the energy consumption
of the buildings
Micro-climatic phenomena in urban areas have a real impact on the en-
ergy consumption of the buildings especially when related to hygrothermic
comfort inside and outside them. Sun radiation, humidity, air temperature
and wind are the main factors that define a local climate and will modify
the energetic behaviours of the buildings.
People spend around 80% of their time indoors. This is why they try -
especially in cities like Singapore where the weather is very hot and humid
all along the year- to face this problem and recreate thermal comfort using
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air conditioning inside their living spaces. This reduces the indoor temper-
ature at the expense of further increasing the outdoor temperature, which
will exacerbate the UHI e ect and increase the need for cooling indoor
areas, leading to a vicious circle.
In a city like Singapore, more than 50% of the energy consumption is ded-
icated to the air-conditionning activity. Also, it was estimated than 3%
to 6% of the urban electricity demand is used to counterbalance the UHI
e ect in 4-seasons country. The amount in tropical cities is even higher
due to constant hot and humid weather [19].
It was observed that when the temperature grows by 1 degree, the average
need in electrical power rises of 540MW and the power peaks increase by
2%to 4%. Several studies also focused on the citty of Athenes, known for
its strong UHI e ect because of a high amount of pollution. In winter,
heating loads in the city can decrease from 30% to 50% compared to the
surburb area thanks to the UHI e ect. Conversely, in summer, the cooling
loads are doubled because of this e ect [19].
As the multiplication of the energetic equipements occurs to compensate
the heat rejections, a looping e ect can be observed, as explained on Figure
6.
Cooling devices produce heat that is rejected outdoor and contribute to
heating the environment. The buildings then need more energy to cool
down and therefore produce more heat.
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Figure 6: Increase of the Urban Heat Island e ect by the heat dissipation,
Bouyer, 2009 [8]
The UHI can be mitigated by acting on di erent features of the urban envi-
ronment. Naturally, anthropogenic enissions, through air-con heat release
for instance, are the main actors in the process of heating the urban area.
It is proposed in the next part to focus on materias and analyze how a
certain type of material (passively) is capable to fight against radiation








Solar reflectance of buildings is a critical optical-energetic factor for the
characterization of buildings’ energetic performances. It plays an impor-
tant role in the reduction of the Urban Heat Island (UHI) e ect which has
become a really important issue in Singapore. The solar reflectance is one
of the main features that contributes to the temperature reduction of a
surface exposed to the sunlight as well as the one of its surrounding air
space.
There are several types of Retro-reflective materials, also called non di u-
sive materials. These di erent types are based on the main optical com-
ponents of the materials: enclosed lens, capsules and prisms, that create a
special optical path in the medium.
It has been proved in former studies that Retro-Reflective materials are
very specials materials that trend to mostly reflect the incident radiation
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in the same direction than the one of the incoming radiation. In the visible
domain, they are usually used for road signalling as they reflect the light
from the headlights of the cars back along the same direction and therefore
allow drivers to see the signs from di erent angles.
The Retro-Reflective materials made with glass beads use the principle
of refraction to focus the radiation on a particular point of a reflective
sphere. Two refractions occur at the entrance and the exit of the glass
bead.
When using prisms (also called cube corner), the principle is based on mul-
tiple reflections of the solar radiation towards the incident direction. This
type has a higher reflectance than the glass bead type.
The di erent types of Retro-Reflectors and the optical paths followed by
the incident solar radiation are summarized in Figure 7.
Retro-Reflective materials hence have the ability to reduce the Urban Heat
Island e ect by reflecting the solar radiation, which is usually trapped
into the urban canyons, beyond the urban canopy. They are also able,
if applied on the vertical surfaces of the canyons, to reduce the possible
inter-buildings e ect in terms of mutual reflections between facing facades.
38
Figure 7: The mechanism of retroreflective materials (by Yuan et. al. [46])
5.2 Retro-Reflective materials for roads, pavements
and bulding facades
Previous studies have proven that the optic-energy behaviour of retro-
reflective materials can be used as a mitigating factor for the Urban Heat
Island phenomenon. They can be applied as coatings on building envelopes
and urban paving.
A study led by F.Rossi et.al [35] from the University of Perugia looked at
the reflective properties of di erent samples of this kind of materials. Us-
ing experimental measurements, they calculated the angular distribution
of energy reflected by the materials and compared it to the distribution
of reflected radiation by a di use surface, that follows the Lambert law
Wr,– = Wiﬁ .r.cos(–) with Wr,– the reflected energy in the – direction, r the
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reflectance on solar spectrum and Wi the incident global (hemispherical)
energy.
Instead of reflecting in all direction like the di fusive materials, the RR
ones reflect preferentially in the incident direction. The angular distribu-
tion takes the shape of an ellipse as shows Figure 8 and follows the relation
Wr,– = Wr,‹.cosn(–) where Wr,‹ is the reflected energy in the perpendic-
ular direction (the specular reflection) and n is a “concentration factor”
that has to be determined using experimental measurements.
They succeeded in quantifying the cooling potential of this type of coating
by expressing the decrease of energy kept inside the canyon when RR coat-
ing is used on road and pavements (when the horizontal part is covered)
and classical di usive materials are used for the walls. It takes the form
of a ratio comprised between 0 and 1 that compares RR and di usive re-
flected energies : ÷0 = cosn≠1(–0) where –0 = tan≠1( W2H ) (W and H being
respectively the Width and Height of the canyon).
It can be noted that this ratio only depends on the geometrical features of
the canyon and the “concentration factor” of the RR material.
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Figure 8: Comparison between the directivity pofiles of di usive materials
and RR materials.
Other studies from the same team [33, 34] also examined the cooling po-
tential of RR materials when used on buildings’ envelopes (vertical coating
this time). After measuring the angular distribution of reflected light when
using both RR and di usive materials, they performed a simulation of the
cooling potential of their samples at di erent latitudes for di erent times of
the year. The cooling potential of the sample is simply the energy reflected
by the facade outside the canyon compared to the energy reflected by the
facade that remains inside the canyon. The experimental measurements
they made allowed them to simulate the amount of energy reflected in the
di erent directions all along the year and for all geographic coordinates by
simply computing the angle of incidence of the sun beam on the surface.
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The experiments mentionned above used only samples of classical Retro-
Reflective sheeting used for Tra c control and whose properties are stan-
dardized by ASTM in the Standard Specification for Retroreflective Sheet-
ing for Tra c Control [37]. As studying their potential to reduce the heat
trapped in the city by using them on urban surfaces is a good way to intro-
duce them into the world of urban physics, one has to keep in mind that
they remain made for road signalling and therefore glaring issues have to
be taken into consideration as well as cost e ciency problematics. They
are mainly made to reflect visible light for safety and security purposes.
The interesting feature we are looking for in order to mitigate the temper-
ature is the ability to reflect (or Retro-Reflect) IR light.
The object of the following sections is to determine the cooling poten-






We are considering in this thesis a Retro-Reflective (RR) film that is made
to be applied on glazed surfaces of buildings. With the aim to quantify the
possible ability of this type of materials to reduce the UHI phenomenon,
the author settled an ad-hoc experiment that consists in the reproduction
of an urban canyon at a reduced scale. With respect of the aspect ratio,
this experiment aims to measure the ratio of the energy coming inside the
canyon over the energy sent back outside the canyon, beyond the urban
canopy. These results will be compared to the measurements made with-
out using the Retro-Reflective film and using a conventional heat shielding
transparent film.
Even though the experiment was thought to be conducted indoors using
lamps as the energy light source (simulating the sunlight), it was eventually
conducted outside as the films are made to be pasted on actual building
windows and their ranges of e ciency are situated between near and far
InfraRed.
Some studies have already intended to evaluate the e ciency of non dif-
fusive materials (Retro-Reflective materials) when they are used in urban
environments and the School of Design and Environoment in NUS, under
the supervision of Professor Wong has already conducted experiments with
the RR film manufactured by Dexerials©. Contrary to all the experimental
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setups already made in the previous studies, this one aims to evaluate the
e ciency of the film when it is used in a canyon-like environment, meaning
when two buildings equiped with the film are facing each other. Beyond
the e ciency of the film itself, we are here trying to see if the introduction
of inter-building e ects can have consequences on the amount of radiation
trapped into the canyon and on its ambient temperature.
6.1.2 The films
As explained in the previous section, this experimental setup aims at com-
paring two di erent types of window films and their ability to improve
indoor and outdoor thermal comfort.
The first one is a conventional heat shielding window film. This type
of window film is largely used on residential and tertiary building. It aims
at improving the indoor comfort by reflecting back the maximum amount
of IR light while allowing the visible light to go through and therefore the
people inside the room to see outside. One of the main assets of this type
of window coating is that it insulates inside from outside and allows cool-
ing loads reduction as well as energy savings. It also protects against UV
radiation.
As it uses di usive materials, the sun radiation, after striking the win-
dow, is di used in all directions and preferentially reflected in the specular
reflexion direction which is usually pointing the ground because we are
considering vertical surfaces.
Throughout the rest of this document, this film will be referred to as the
Conventional film (or Conv, or using C).
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The second one is a non di usive film that uses a near InfraRed selective
reflection layer. This special layer allows it to behave like a Reto-Reflective
material in the IR range of the solar spectrum. It is hence supposed to
send back the IR radiation to the direction of incident light. This type of
window coating aims to do two di erent things :
• Improve the indoor thermal comfort and reduce the cooling loads like
the first type of film (while blocking UV as well).
• Improve the outdoor thermal comfort by sending the IR radiation
(responsible for heating) out of the pedestrian ambient air space sit-
uated near the ground.
Throughout the rest of this document, this film will be referred to as the
Retro-Reflective film (or RR).
Table 1 summarizes di erent properties of the films that we will be used
for simulation in the next part of this section. It can be noted that the
solar reflectance of the Retro-Reflective film is lower than the Conventional
one.
It also has to be noted that these characteristics don’t show the directional
properties of the two coatings, especially concerning the Retro-Reflecting
one. It is precisely the aim of the experiment described in the next sections
to know more about these directional patterns.
Figure 9 illustrates the main di erences between the behaviours of the two
films.
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Figure 9: Comparison between the two di erent types of window coatings.
Type of film Conventional Retro-Reflective
Solar Absorption (%) 41.4 39
Solar Reflectance (%) 28.4 18
Solar Transmission (%) 30.2 43
UV light Transmittance (%) 1 <0.5
Thickness (µm) 70 140
Table 1: Specifications of the window films
6.1.3 Assumptions
The experiment will assume that both the facing sides of the buildings
(inside the canyon) are only made of one simple layer of float glass. The
other sides of the buildings are not taken into consideration. They are
simply made of insulated wood to create a structure that maintains the
whole scale model. It corresponds to a type of canyon similar to the one
on Figure 10.
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Figure 10: Urban canyon made of glass facades





In order to produce more accurate results, the experiment will take into
account di erent varying parameters:
- Di erent insulation for di erent times of the day.
- Di erent aspect ratios HW
- Di erent building orientations.
The experiment will evaluate the e ect of the variation of the aspect ratio
on the results:
- HW = 2 (Regular canyon)
- HW = 3 (Deep canyon)
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6.1.5 Orientation of the buildings
The Central Business District (CBD) is the area of highest activity and, due
to the buildings height, of highest heat concentration induced by radiation
trapping. It also contains a lot of partially or fully glazed buildings and
fits well with the situation presented on Figure 10. It will be taken as the
reference for the urban environment in this part.
As can be seen on Figure 11, the orientations of the main axis of Singapore’s
Central Business District are NE-SW and SE-NW. We will adopt these
configurations for the orientations of the scaled buildings:
- A first series of experiments will be conducted with the scaled build-
ings facing NE-SW.
- A second series of experiments will be conducted with the scaled
buildings facing SE-NW.
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6.2.1 Construction of the models
6.2.1.1 Simulation of the road In order to have a better approxi-
mation of the road, we need to chose a surface with the same thermal and
reflexive properties. Even if the ground temperature couldn’t be measured,
it is still better to recreate a surface with the same amount of heat absorbed
and reflected. The thermal resistance of the road will be calculated with
the aim of choosing a material with adequate width and thermal transmis-
sion coe cient to recreate a layer with the same thermal resistance for the
scaled model.
If the thermal transmission coe cient K of a material is known, the ther-
mal resistance of one layer of this material is given by the following formula:
Rth = eK where e is the width of the material.
When several layers of di erent materials are superimposed, the total ther-
mal resistance of the system is given by the sum of all the thermal resis-
tances of the di erent layers.
Figure 12 details the constitution of the actual road.
We can therefore calculate the thermal resistance of the road:
Rroad = Roverall = R1 +R2 +R3 +R4
= 0.05 + 0.07 + 0.21 + 0.31.5
= 0.42m2.K/W
We hence chose the approximation showed on Figure 13.
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Figure 12: Detailed constitution of a regular road.
Figure 13: Detailed constitution of the road for the models.
The black coating aims to show a low albedo, like the Asphalt.
If we ignore the absorption of the wood, the thermal resistance of this





6.2.1.2 The buildings With the help of the company S.W. Design and
Built, an ad-hoc installation was made in order to host the measurement
equipment. This consists in four sets of models that simulate buildings in
an urban street canyon setting. Each set is basically made of two scaled
buildings placed on each side of a road. The three elements are maintained
together with the help of a platform.
Each building includes one face made of glass (the glass is maintained by
the wooden structure), and one face covered with styrofoam (for insulation
matters).
Plus, a small wooden structure (in the form of a bar) has been made espe-
cially for the purpose of fixing one pyranometer on top of the canyon.
As esplained before, two di erent aspects ratios are to be studied. The
choice was made to fix 30cm width for the road and make buildings of two
di erents heights : 60cm and 90cm. Therefore, the equipement is com-
posed of two sets with an aspect ratio equals to 2 and two sets with an
aspect ratio equals to 3.
Figure 14 shows pictures of the installation on site before adding the sen-
sors, and Figure 15 details the special maintaining bar made for this ex-
periment.
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(a) Front view of the models (b) side view of the models
Figure 14: Pictures of the installation without the measurement
equipement.
Figure 15: View of the maintaining bar
6.2.2 The sensors
6.2.2.1 Di use Pyranometers A pyranometer is a sensor used to
measure the energy (in W/m2) coming from the sun. When fixed on the
horizontal plane, the variable measured is called the Global Shortwave
Irradiance and when positioned in a plane of a PV Array, it measures
the Total Irradiance in the plane of array (TPA). The pyranometer can
also be inverted to measure the Reflected or Albedo Irradiance. Finally, it
can be shaded from the direct beam of the sun and measure the Di use
Shortwave Irradiance. The Black & White Pyranometer, Model 8-48 (that
we are using for this experiment) is most often used in the highest quality
networks as a Di use (shaded) instrument. In this project we are going to
use it to measure the Global Shortwave Irradiance as well as the Albedo
of the canyon at di erent levels.




Figure 16: Eppley Pyranometer, model 8-48
6.2.2.2 Thermocouples A thermocouple is an electrical sensor made
of two di erent conductors to form electrical junctions at di ering tem-
peratures. As a result of the thermoelectric e ect, the voltage measured
between the conductors is directly temperature-dependant and can there-
fore be interpreted to measure the temperature.
Several types of thermocouples exist, depending on the combination of al-
loys used. The temperature range and sensitiviy needed in the case of this
particular study led to chose type K (chromel-alumel) which is the most
commonly used.
It has a sensitivity of approximately 41 µV and a range that vary from
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-200°to +1350°. It is also inexpensive and widespread.
6.3 Experimentation : protocol
Each set is equipped with two Pyranometers:
- One measuring the radiation reaching the ground.
- One measuring the radiation sent back out of the canyon.
At the same time, one pyranometer, placed at the center of the models and
facing the sky will measure the Irradiance coming from the sun. This is
used as a reference value to free from the e ect of di erent weather con-
ditions. All the values obtained from the di erent pyranometers placed in
the models will be compared to the reference value in order to obtain a
ratio that can be compared from a day to another.
Each set will be equipped with several temperature measurement points:
- Two measuring the temperature of the wall on the left
- Two measuring the temperature of the wall on the right
The data are acquired on a data logger that are connected to a computer.
For each series of measurement, the four sets are placed on the area of
measurement which is the rooftop of the EA building in NUS, and the
data will be acquired from two sets at the same time so the results can
be compared for the two di erent aspect ratios and with/without the RR
film.
In total four experiments are to be conducted over a span of four days (to
55
account for all the varying parameters)
Figure 17 and 18 present the equipment placement on one of the sets.
P1 is the reference pyranometer. P2 and P3 are the pyranometers placed
on the models; They measure the irradiance in W/m2.
TA1, TA2, TB1 and TB2 are the thermocouples measuring the surface tem-
perature of the glasses of buildings A and B respectively.
Another type of pyranometer, an InfraRed pyranometer has also been
placed on the ground to measure the infrared irradiance reflected by the
canyon on the ground.
All the sensors are connected to a data logger which is also connected to
a computer. This will allow to collect the data along the day. For conve-
nience and coherence matters, the time slot chosen for the measures is from
12:00 to 16:35. Each day of measurement, during this time, the system will
collect the data every 5 minutes.
(a) Top view (b) Front view
Figure 17: Schema of the equipement on the sets.
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Table 2: Sensors refering to Figure 18.
6.4 Results
Thanks to the software SketchUp, a 3D reconstitution of the installation
has been made. After indicating the GPS coordinates of the experiment
and the time range, it is possible to simulate the sunlight throughout the
day and hence see the shaded area created by the buildings on the ground.
This will help the study as being a support to distinguish di erent time
periods when analyzing the results.
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Figure 19 shows an aerial view of the venue where occured the experi-
ment, the rooftop of the EA building in NUS. This and Table 4 summarize
which models and orientations were studied during the 4 days.
Date Day 1: 3/30 Day 2: 3/31 Day 3: 4/02 Day 4: 4/07
Canyon width W in cm 30 30 30 30
Canyon height H in cm 60 60 90 90
Aspect ratio HW 2 2 3 3
Orientation NE-SW SE-NW NE-SW SE-NW
Table 3: Summary of the 4 configurations.
Figure 19: Schematic aerial view of the 4 days of experimentation
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6.4.1 Radiative results
The radiative results are extracted from the data acquired by the pyra-
nometers. For each day of experiment, a reference pyranometer facing the
sky and measuring the di use radiation coming from the sun was settled.
The results will be presented in the form of time series in Figures 20 and
21. The ordinates show the value returned by the regarded pyranometer.
The graphs also shows the sky irradiations over the time. (From sensor P1 )
Due to logistic issues, some results are missing on the second day of exper-
iment. It concerns the period between 14:30 and 14:50. This is overlined
in blue on the graphs showing the results.
In each case, for almost the whole afternoon, the RR film acts as expected
and reflects less heat on the ground than for a di usive film. Nevertheless,
for some short periods, the Conventionnal film seemed to be more e cient.
These periods are overlined in yellow on the graphs.
An other important remark is that for all of the four days, the trend for
the Conventionnal di usive film follows the solar radiation throughout the
day: It can be seen on Figure 20 and 21 that the shape of the purple lines
follows the beige area.
Conversely, the trend for the RR film is not only dependant on the inten-
sity of the solar radiation but is also highly influenced by the time of the
day and therefore the Solar Azimuth and Elevation angles.
This trend has also been oberved in the results of the study led by Profes-
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sor Wong.
In both the cases of small and big sets, when the orientation of the build-
ings is NE/SW, we can observe a peak of the radiation reaching the ground
(14:20 and 13:20) when the RR coating is used. We can therefore assume
that there is a critical angle for which the film is actually reflecting a lot
more radiation to the ground. This behavior has also been observed on
former studies dealing with Retro-Reflective materials. For almost all in-
cident angles, the material sends back the light in the direction where it
comes from, but for some critical angle, the material acts like a mirror and
the light is almost totally reflected symetrically.
Table 4 lists the extrema and average values of the Shortwave Solar Radi-
ation recorded by the pyranometers.
Solar radiation (W/m2) Minimum Average Maximum
Day 1 194 650 1074
Day 2 136 566 1087
Day 3 211 646 960
Day 4 229 669 887
Table 4: Minimum, Average and Maximum Shortwave Solar radiation
recorded on the 4 days of measurement.
As a first approximation, we can define the e ciency of the RR film com-
pared to the Conventional one as ‘ground = Irground,Conv≠Irground,RRIrSun
Where :
- Irground,RR is the average (over the whole afternoon) solar radiation
measured on the ground with RR films covering the glasses.
- Irground,Conv is is the average (over the whole afternoon) solar ra-
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diation measured on the ground with Conventional di usive films
covering the glasses.
- IrSun is the shortwave solar radiation coming from the sun.
‘ground represents the proportion of Solar radiation radiation rejected by the
canyon away from the ground when using RR coating instead of di usive
coating.
Apart from the 3rd day of experiment (small buildings, SE-NW orienta-
tion), the e ciency is always higher than 11%. This means that the RR
film has a real potential to reject the heat away from the ground.
The average value ‘ground over the 4 days of experiment is 13.43%
Aspect Ratio Orientation ‘ground (%) Day
2 NE-SW 11.53 1SE-NW 11.83 2
3 NE-SW ƒ 15 3SE-NW 15.39 4
Table 5: E ciency ‘ground of the RR film compared to the conventional
film for the di erent configurations.
Due to probable errors in measurements during the third day, the value of
e ciency obtained is extremely low. It was therefore approximated to 15,
as showed in Table 5.
It can be concluded from all these results that the Retro-Reflective film
avoids the adverse e ects of downward reflected solar radiation in urban
canyon like environments.
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Figure 20: Summary of reflected shortwave solar radiation, small models
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Figure 21: Summary of reflected shortwave solar radiation, big models
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6.4.1.1 Ground level This paragraph examines the time intervals of
maximum e ciency for the Retro-Reflective film (Time Interval during
which |Irground,RR ≠ Irground,Conv| > 300W.m2 ). By using the software
SketchUp in order to simulate the shading e ect of the buildings on the
ground of the canyon, we are trying to determine if there is a correla-
tion between the e ciency of the RR film and the shade brought by the
buildings.
Orientation NE-SW The period of maximum e ciency seems to
be from 12:15 to 13:20 for the small buildings while the big ones showed
very low performance troughout the whole afternoon and the shading was
therefore not displayed with SketchUp.
It can be noticed that for the small ones, the interval approximately corre-
sponds to the time interval during which the shadow of one of the buildings
covers from none to half the whole ground area.
Figure 22: SketchUp shading simulation of the small models at 12:15 and
13:20.
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Orientation SE-NW The period of maximum e ciency seems to
be from 13:20 to 14:35 for the small buildings and from 13:15 to 14:00 for
the bigger ones.
In this case, one can notice that the intervals approximately correspond
to the period during which the shadow of one of the buildings covers from
half to the whole ground area.
(a) Small models (ar=2)
(b) Big models (ar=3)
Figure 23: SketchUp shading simulation of the 23(a) small models at 13:20
and 14:35, 23(b) big models at 13:15 and 14:00
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It can be seen from all the results that the special coating seems to be
more e cient when the canyon is narrower.
One other conclusion of this paragraph is that the RR film seems to be more
e cient with low shading when oriented North-East South-West while it
is more e cient with high shading when oriented South-East North-West.
The first 1,5 hours show higher e ciency for NE-SW orientation and the
following hour is more e cient for SE-NW orientation.
6.4.1.2 “Canopy” level The radiation sensed by the Pyranometers
at the Canopy level is expected to be higher when the glasses are covered
with the RR materials. The reason is that this type of glass is supposed
to send back the energy out of the canyon and all the power that doesn’t
reach the ground should be found above the canyon and/or absorbed by
the surrounding materials.
The experiment showed an other trend. Most of the time, even though the
values are very close to each other, the value of the energy at the top level
is higher when the conventional films are used.
One explanation for this observation is that the sensor situated at the
“canopy level” was placed unwisely. As explained on the schema in Figure
24, the Pyranometer should have been positioned a few centimeters higher
to sense the real concentration area when it was actually placed inside the
canyon on the “top level area” of the buildings. Unlike what we thought in
the first place, this area also concentrates a lot of heat since it is between
the buildings and not above them.
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Moreover, as explained in Figure 25 showing the upper part of one of the
glasses when the irradiation is reaching with an angle non equal to zero,
the sensor itself is blocking part of the sunrays as it is quite big compared
to the size of the canyon.
In the case of a di usive film, the heat, after the rays strike the glass, is
di used in all directions while in the case of the RR film, a higher amount
of the heat is sent back to the direction of incoming light. This also ex-
plains higher irradiation at the top level of the canyon for a Conventional
film.
The fact that the conventional set returns higher radiation than the Retro-
Reflective one is actually a sign showing the e ciency of the active coating.
Indeed, it means that in both the lower and upper stages of the canyon,
the amount of radiation trapped is lowered.
Following the same logic as in the previous part, we can define the e -
ciency of the RR film at the upper level compared to the Conventional film
as :
‘canopy = Ircanopy,Conv≠Ircanopy,RRIrSun
Orientation Aspect Ratio ‘canopy (%) Day
2 NE-SW 0.27 1SE-NW 0.12 2
3 NE-SW 2.42 3SE-NW 1.3 4
Table 6: E ciency ‘canopy of the RR film compared to the conventional
film for the di erent configurations.
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The values are lower than for the Ground e ciency because the sensors
are in this case inverted (facing the ground) and therefore measuring only
Di use shortwave irradiance while part of the data acquired by the ground
pyranometers were taking into account direct irradiance since they were
placed in the horizontal plane, oriented towards the sky.
To really measure the solar energy sent back outside the canyon, we would
recommand:
• To use smaller sensors compared to the size of the canyon.
• To elevate the sensors a few centimeters above the canyon and allow
them to be in the area of heat concentration as suggested on Figure
24
Another idea to be implemented would be to enable the height of the
Canopy sensor to vary and therefore measure the radiation sent back out
of the canyon all along a vertical line.
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Figure 24: Concentraton of energy on the canyon for di erent types of
coating. Dotted line : Indication for better placement of the canopy level
pyranometer.
Figure 25: Upper part of the glass after reflection of solar energy.
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6.4.2 Temperatures
This section presents the surfaces temperatures of the glasses for both the
buildings of the sets all along the afternoon (Namely results from the Ther-
mocouples TA1, TA2, TB1, TB2 according to Figure 17). Figures 26, 27, 28
and 29 show these temperatures, in ºC, for Days 1, 2, 3 and 4 respectively.
Table 7 summarizes the averaged temperatures all along the afternoon as
well as the average temperature gap :  T = TRR ≠ TConv
In almost each case, the average external surface temperature of the glasses
are higher when they are coated with the RR film than with the Conven-
tional di usive one. It is in contradiction with the work of Wong et. al.
The di erence is never higher than 3ºC but it has been noticed for almost
all configurations, whatever the orientation and size of the models.
One explanation is that the thermocouples were not exactly touching the
glass and therefore not exactly measuring the “surface” temperature of the
glass; there was a small gap between the sensor and the surface. Conse-
quently, due to the active property of the RR material, the air space close
to the surface has a higher temperature because the main part of the ra-
diation striking the glass is sent back towards the incoming direction.
Moreover, it can be seen on Table 1 that the Retro-Reflective film has a
lower reflectance and a higher transmittance, resulting in a higher wall
surface temperature. Plus, since the experiment is being done on scale
down models, the e ect is exacerbated as the surface-to-volume ratio is
significantly increased, therefore increasing the heat trapped and the tem-
perature inside the room, resulting a greater di erence. This phenomenon
is explained more in details on Figure 30.
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Figure 26: External Glass Surface Temperature (in ºC).
(Small models, NE-SW orientation)
Figure 27: External Glass Surface Temperature (in ºC).
(Small models, SE-NW orientation)
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Figure 28: External Glass Surface Temperature (in ºC).
(Big models, NE-SW orientation)
Figure 29: External Glass Surface Temperature (in ºC).
(Big models, SE-NW orientation)
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Orientation Aspect Ratio Building RR Conv  T
NE-SW
2 A 46.8 46.9 -0.1B 47.8 47.7 0.1
3 A 51.9 48.5 3.4B 51.0 49.7 0.3
SE-NW
2 A 45.3 44.5 0.8B 45.4 44.8 0.6
3 A 46.6 42.7 3.9B 47.2 44.9 2.3
Table 7: Summary of the mean External Glass Surface Temperatures (in
ºC).
Figure 30: Explanation for higher temperature measured in the case of a
RR coating.
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7 Field study: Conclusions
Even though previous studies showed that the Retro-Reflective film is not
present at the best performance for reflectivity and transmiticity under
spectrophotometric study, the field measurements that has been done in
urban canyon like environments demonstrated a good performance and a
certain potential to increase outdoor thermal comfort and reduce the UHI
e ect by lowering the heat reflected to the ground and top levels of the
canyon.
The e ectiveness of the film in mitigating the UHI e ect is highly de-
pendant on the position and angle of the sun and therefore on the time of
the day.
The measurements done at the canopy level of the canyons did not showed
very conclusive results. This is probably due to a misplacement of the sen-
sors. Further study should evaluate the ability of the RR film to reduce the
UHI e ect by measuring the amount of energy sent out above the canyons.
In order to perform this, the pyranometers should be placed according to
the schema on Figure 24.
The thermocouple measurements showed a very small di erence between
the surface temperatures of both the types of coated glass. Nevertheless,
this slight di erence shows evidence of the active property of the RR film
compared to the Conventionnal one. Further study should evaluate the
real surface temperature of the glasses by fixing the sensors on the surface.
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It would be interesting to make some other measurements such as the
temperature inside the buildings, behind the glass, as well as the tempera-
ture between the glass and the film in order to get more information bout
the absorptive properties of the film when installed on the glass.
8 Link with the previous study
8.1 Context
We are now including the results of the study on the Retro reflective mate-
rials to the tool that has been developed in the frame of this project. (see
Thermal modelling for energy e ciency and weatherproofing of sustaineble
cities [45]).
Former students of NUS have been working in the same scope with the
objective to develop an engineering tool to study the thermal performance
of the urban environment so as to establish ways to improve zone thermal
comfort, energy e ciency and increase resilience against adverse climatic
e ects. It consists in an Excell file, running VBA macros in order to sim-
ulate the temperature in an urban canyon and compute the cooling loads
necessary to reach a reference temperature (comfort temperature) which
can be fixed by the user.
The model assumes the canyon as a 2D environment divided into 14 air
spaces.
The vertical dimension is divided into four layers: three surrounding the
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buildings and one above the roof which corresponds to the roughness sub-
layer of the urban fragment. The inside of the canyon is divided between
the areas close to the buildings and the areas above the road. The canyon
is represented on Figures 32. The program can compute the 24-hour tem-
perature profile of the 14 air spaces as well as the surface temperatures of
the ground, walls and roofs of the buildings that constitute the environ-
ment.
To develop the budget, the author developed the following :
• A conduction budget, taking into account :
– Wall and Window conduction
– Ground and Roof conduction
• A convection budget, taking into account :
– Air-Wall and Air-Window convection
– Air-Ground and Air-Roof convection
– Air-Air convection
• A radiation budget, taking into account
– The long-wave radiation re-emited by the surfaces after being
absorbed.
– The shortwave radiation, coming directly from the sun and the
multiple reflexions on the urban surfaces.
– View factors
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– Date, time and geographical coordinates
• Mass transfers between the air spaces
• Anthropogenic sources of heat, being :
– Human metabolism emissions
– Vehicle combustion heat emissions
– Air conditioning condensers emissions
• Orientation of the street
Figure 31 is a schematic summary of all the parameters used to develop
the tool.
Imput values can be entered into the tables and will serve for the calcula-
tions : Height, Width, Properties of the Walls, Properties of the Windows,
Wall-To-Window ratio.




Figure 32: Temperatures simuled by the tool
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8.2 View factor
As during the day some areas are shaded by the buildings while some are
directly light by the sun, we need to take into account the View factor
between the di erent surfaces. The view factor of a surface A to a surface
B, FAæB is the proportion of the radiation which leaves surface A that
strikes surface B.
The view factor is easy to calculate as it is given by a formula. As a
first approximation, we will consider that the results from our experiment
on Retro-Reflective materials alterate the view factor from the walls to the
ground (therefore increasing the view factor from the walls to the sky).
Depending on the time of the day, the Retro-Reflective coating installed
on the windows does not have the same behaviour. Most of the time, and
in average, it will reflect less energy from the windows to the ground than
a conventional coating or clear glass. Instead, this amount of energy is ide-
ally sent back out of the canyon, above the urban canopy. The approach
is explained on Figure 33.
As a result of the four days of experiments led, considering di erent con-
figurations for the canyon, it was concluded that an average amount of
13% less energy was transfered from the windows to the ground. We will
include the results from the previous experiment in the tool developped
here, by supposing an ‘ground (in %) alteration of the Wall-to-Ground view
factor over the period of time used in the experiment (i.e. from 12:00 to
16:30), and following the values of Table 5 for the values of ‘ground.
The temperatures of the di erent air spaces and surfaces will then be sim-
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ulated using the tool, allowing conclusions to be made on the e ciency of
the non-di usive film concerning thermal e ciency.
Figure 33: View Factor changing by introduction of RR coating.
8.3 Temperature simulation
Contrary to temperatures directly measured into the scaled canyons during
the experimental study, the temperatures simulated in this section reflect
the actual temperatures that can be sensed in a real urban canyon environ-
ment. The temperature mesaurements that have been done in the scaled
canyons were mostly used to characterize the e ciency of the film but due
to a high concentration of the heat in such a small space, they are actually
much higher than in reality.
In this section, we are using the tool developed previously in the frame of
this project to include the radiative result of the experiment as explained
in the last section and simulate the temperature in di erent air spaces and
surfaces.
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However, it also has to be noted that the temperatures simulated with this
Excel tool are not perfectly accurate since it is still under developement.
The main purpose of this section is to calculate by how many degrees the
temperature can be decreased into the spaces; it is more to compare the
e ciencies of the films than to determine the actual temperatures of the
real canyon.
8.3.1 Results and discussion
The results show that the air spaces nearby the ground present the highest
di erence depending on which film the windows are coated with. This dif-
ference can go up to 1 degree for the air temperature and up to 2.3 degrees
for the surface temperature of the ground.
Up to 2nd, 3rd and 4th floors, the air spaces temperatures are almost the
same, no matter which film is covering the windows. The gap is usually
found to be no more than 0.2 degrees Celsius.
We will only plot in this section the temperatures of the air spaces A1,
B1 and Ambient1 as well as the ground surfaces temperatures TGROUND,A,
TGROUND,B and TGROUND,Ambient (see Figure 32) as they are the most rel-
evant since they showed the biggest di erence when applying the two dif-
ferent films. They are also the ones directly linked to the thermal comfort





Figure 34: Temperature simulation from 12:00 to 16:30 with two types of
window coating.
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Results show that when approximating the Retro-Reflective film as a way
to modify the view factor between the Walls and the Ground (i.e. the
amount of energy transferred from the Walls to the Ground), the temper-
ature inside the canyon is reduced.
The best performance is observed when the canyon is wider (i.e. for an
aspect ration equal to 2), especially during the first half of the afternoon
(from 12:00pm to 2:00pm).
The ground surface temperature is decreased by 2 degrees in average.
The whole air space adjacent to the ground (1st level) has its temperature
decreased by 0.3 degrees Celsius in average.
Table 8 summarises the average temperatures gaps  T of the di erent air
spaces and surfaces on the whole time period. For each space or surface,
 T = TConv ≠ TRR
Orientation NE-SW SE-NW
AR 2 3 2 3
 T
A1 0.28 0.20 0.17 0.30
B1 0.27 0.19 0.17 0.29
Amb1 0.22 0.15 0.16 0.21
GA 1.60 1.07 1.12 1.53
GB 1.59 1.06 1.12 1.53
Gamb 1.56 1.03 1.12 1.48
Table 8: Average surface and air spaces temperatures
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9 Performance of Retro-Reflective coating:
Conclusions
The study led in this part of the project combined an experimental study
whose results have been integrated to a numerical model developed by for-
mer students in NUS in the frame of the same topic.
Results of the experiment obtained by doing testing on reduced scale sim-
plified models of urban environments showed a clear potential for Retro-
Reflective materials, when used as vertical coating, to reduce the amount of
thermal energy trapped in urban canyons. It has been found that a max-
imum amount of 15% of the solar irradiation trapped can be mitigated
when comparing to classic vertical coating.
The numerical study allowed us to simulate the situation in a real urban
canyon like environment and use the results obtained from the experimental
part to quantify the impact on canyon temperatures and therefore pedes-
trian comfort. It has been calculated that the surfaces temperatures can
be reduced by 1,6 °C while the air space can have its temperature lowered
by 0.3 °C in certain parts of the canyon.
Recommandations for future work related to experimental study have been
made as this first experiment pioneered empirical work in the frame of the
project and had to face a lot of constraints that can be now avoided.
It concerns mostly sensor placement, and di erent experiments for di er-
ent configurations being conducted at the same time in order to increase
the relevance of the comparisons.
As for the numerical model, which is still under developpement, it needs to
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take into account more variables and parameters in order to produce more
quick and accurate results. They could include :
• Number of pedestrians walking in the street throughout the day.
• Introduction of green roofing e ects on the buildings and more gener-
ally introducing the e ect of greenery in the urban environment and
the consequences on evapotranspiration matters and temperature re-
duction.
• Introduction of di erent weather conditions (wet weather especially)
• Introduction of wind behaviour.
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Part III
Simulation of wind flow in
urban environment for
pedestrian wind comfort
Case study : Examination of the pedestrian wind envi-
ronment in “Promenade” sector.
10 Thermal comfort
Cheng and Ng [10] conducted a study on wind comfort in high density
cities, with a focus on Hong-Kong. They led two experiments consisting in
micro-meteorological measurements and user questionnaire surveys. The
aim was to quantify how an increase in wind speed can improve the ther-
mal pedestrian comfort taking into account the actual temperature of the
air and the absolute humidity in air.
They concluded that for the particular case of Hong-Kong, a wind speed
of around 1.5 to 2.5 m.s≠1 is needed to ensure thermal comfort of people.
They also succeeded in developing a predictive formula for thermal sensa-
tion. It calculates a predicted thermal sensation vote on a 7 point scale
ranging from ≠3 to 3 where the lowest corresponds to a “too cold” sensa-
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tion and the highest to a “too hot” sensation:
TS = 1.1895Ta ≠ 0.7754Va + 0.0028Is + 0.1953Ha ≠ 8.23
Where TS is the predicted sensation vote, Ta is the dry bulb air tempera-
ture in ¶C, Va is the wind speed in m.s≠1, Is is the solar radiation intensity
in W.m≠2 and Ha is the absolute humidity in g/kgAir.
They also proved that thermal history has an impact on people’s evaluation
of thermal comfort, by interrogating pedestrians that have been exposed
to air-con and others who have not, about their sensations.
Rajagopalan et.al [27] examined the Heat island e ect in the tropical city
of Muar, Malaysia. The city shows very bad planning strategies as a lot of
tall buildings have been built along the river these past decades, blocking
the wind from entering the city and ventilate it. By focusing on 3 geometry
variations from the actual geometry of the city, they studied the potential
of natural ventilation to reduce the Heat Island.
They concluded that a step up configuration is the best way to enhance
the wind flow in the city. A step up is an urban configuration where the
height of the upwind buildings are less than the height of the downwind
buildings. This allows the leeward side of every building to be reached by
the wind.
The interesting point of this study is the fact that it tries di erent geome-
try variations in order to optimize the urban forms.
Numerical modelling in city planning can help planners to take the thermal
comfort aspect of the project into consideration and therefore identify and
create the best configurations in every city.
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11 CFD simulation :
wind study in Singapore “Promenade” area
As mentionned earlier in the first part of this report, CFD simulation is a
very interesting tool to achieve aerodynamical studies, as it is inexpensive,
more and more accurate and doesn’t need any physical implementation
and sensors. Leading a CFD study in an urban environment is very useful
as it o ers 3-dimensional results that can allow solutions to be designed in
order to improve wind circulation in cities,
• by examining di erent existing areas and increase the knowledge in
the field through comparing di erent situations.
• by designing di erent solutions before the developement of the urban
projects and therefore allow urban planners to optimize the areas.
That being said, CFD studies need to be taken care of carefully as a lot
of parameters are to be taken into account. In order to be accurate, all
these parameters must be settled adequately depending on each situation
and type of environment.
A series of best practice guidelines have been formulated by di erent au-
thors working in the field, based on past experience. They are essentially
summarized in the paper from Blocken [5] 2015, in his paper Computa-
tional Fluid Dynamics for urban physics: Importance, scales, possibilities,
limitations and ten tips and tricks towards accurate and reliable simula-
tions. They will be used in the following section.
The aim of this study is to analyze the wind flow performance of an area
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in Singapore. As in tropical cities, wind flow helps in mitigating the UHI
e ect by cutting down on the vicious cycle of the positive feedback loop of
heat retention, it is interesting to analyze the situation in a defined zone,
quite visited in the country.
This section will include all the preparation to perform the simulation,
from the physical model to the 3D modelling, not forgetting the boundary
conditions. The objective of the study is to improve the understanding of
the CFD method and gain knowledge in the field.
The last section will include some results in a particular configuration (di-
rection and wind speed) but it should be kept in mind that the purpose is
more to succeed in performing the simulation which can be tedious, rather
than obtain results actually comparable to regulatory standards .
Computational Fluid Dynamics is used as a simulation tool to rate the
ventilation performance of the area which is usually characterized by the
performance at the pedestrian height (taken approximately as 2m above
ground).
CFD simulation will be divided into the following steps :
• Define the physical and numerical model.
• Define the area and its boundary conditions.
• Define and build the geometry grid.
• Producing the results.
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11.1 Physical model
The CFD software Fluent will be used for this study, in order to solve
the RANS equations in combination with the realizable k-‘ model. This
model is chosen because of its good performances for wind flow simulations
around buildings, according to Blocken [5] and many other authors.
According to guidelines formulated by other authors studying CFD in ur-
ban environments, the physical model will be defined by the following :
• The pressure-velocity coupling is simulated by the simple algorithm
• The pressure interpolation is second order
• Second order discretization scheme is used for the Momentum, Tur-
bulent Kinetic Energy (TKE) and Turbulent Dissipation Rate (TDR).
11.2 Area
The CAD software Rhinoceros is used to design the buildings of the area
surrounding the MRT station Promenade in Singapore. This area was
chosen because one of its sides is facing an open area looking at the sea.
The other side is facing the CBD area and will therefore induce more
complications for simulation as the Roughness Height is high and can lead
to more computational errors.
Figure 35 shows the area to be studied. The buildings to be modelled are
displayed in blue on the map.
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Figure 35: Promenade MRT vincinity
11.3 Boundary conditions
11.3.1 Size of the computational domain
Several studies conducted previoulsly allowed to obtain guidelines to settle
a relevant size for the computational domain. E ectively, the area in which
the buildings are explicitely modelled in 3D only represents a small part of
the whole domain which should be large enough to avoid artificial accel-
eration. Among these guidelines, the ones retained for this study are the
ones by Franke et. al. [12]. They advise to position the inlet, lateral and
top boundaries of the volume 5HMax away from the centre of the smallest
area containing the buildings, HMax being the height of the tallest building
91
designed. The outlet must be at least 15Hmax away from the buildings to
allow the wake to fully develop, as explained on Figure 36
Guidelines Value (m)
Height 6HMax 1308
Length upstream 5HMax 1090
Length downstream 15HMax 3270
Width aside 5HMax 1090
Table 9: Dimensions of the computational domain designed following
Franke et. al guidelines
In our case, the tallest building is the Millenia tower. HMax = 218 m
and the dimensions of the whole domain are therefore summarized in Table
9.
Figure 36: Schematic of the computational domain. Size determined ac-
cording to Franke et. al. guidelines.
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11.3.2 Roughness parameters
Every surface is characterized by its roughness. It quantifies the deviations
in the normal vector of a real surface from its ideal form.
In wind studies focusing on large-scale terrains, since it would be very
computationaly expensive to explicitely design every single element sur-
rounding the area of main interest, entire zones are assimilated to surfaces
and defined by what is called the roughness height. The mean wind profile
entering the studied domain is approximated by a function (usually power
or logarithm) whose shape (deformation) is directly linked to this value
associated to the terrain. The aerodynamic roughness length z0 (or rough-
ness height) is “the height above the displacement plane at which the mean
wind becomes zero when extrapolating the logarithmic wind speed profile
downward through the surface layer” [20]. There is no way to perfectly
determine the precise value of z0 linked to each terrain as it is approxi-
mated based on landscape description, but some famous authors working
on CFD simulation as Alan G. Davenport [43] succeeded in producing a
detailed classification of the di erent values of z0. We are using the up-
dated classification (by Davenport, updated by Wierringa), available in
Appendix B.1 to settle the boundary conditions in this study.
The domain needs to be modelled accurately in order to perform accu-
rate simulation of the Atmospheric Boundary Layer. The area of interest,
which contains the buildings actually designed in 3D is included in a much
larger domain which must be divided into five di erent areas, according
to Blocken [5]. Not all of these areas will explicitely be filled with 3D
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modelled buildings, but most of them are just defined by their roughness
parameters.
• The area upstream of the computational domain.
• The area inside the computational domain and upstream the ex-
plicitely 3D modelled buildings.
• The ground surface area inside the computational domain around the
explicitely designed buildings.
• The surface of the explicitely modelled buildings
• The area downstream the computational domain.
Each of these areas should have proper roughness parameters defined care-
fully.
Figure 37 details the roughness height (called Rh in this case, according to
Fluent abbreviations) in the computational domain, determined according
to the updated Davenport-Wieringa roughness classification [43].
The blue square represents the smallest area containing the explicitely
modelled buildings.
11.3.3 Inlet conditions
The simulation is conducted using weather data collected from the Changi
Meteorological Station. When the wind reaches the topology of interest,
its profile is usually shaped by the high density of constructions in the
surrounding area. An urban wind profile is used to characterize the back-
ground of a dense city.
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Figure 37: Details of the Roughness Height parameters in the control area
to be studied.
Most of the time, for a non-complex terrain up to 200m height, urban wind
simulations use the logarithm law wind profile, presented by Richard and








• Uz is the longitudinal mean velocity at height z.
• UúABL is the Atmospheric Boundary Layer friction velocity.
• Ÿ is the von Karman constant, equals to 0.42
• z is the height above local position.
• z0 is the roughness height at the given position.
The wind data from Changi Meteorological Station, frequency weighted
from six directions between 1998 and 2008 is showed on Table 10. It leads
us to use the reference value of 2.3m.s≠1 at 15m height. Knowing the
roughness height in Changi (z0 = 0.03), this reference value allows us to
calculate UúABL and therefore the wind profile that we will be using as a
boundary condition. Table 10 also reveals the two main directions for wind
blowing, namely N and NNE.
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Height (m) N NNE NE ENE E ESE SE SSE
15 2.07 3.25 2.76 2.16 2.64 2.95 2.91 2.71
S SSW SW WSW W WNW NW NNW Average (m.s≠1)
2.6 2.41 2.13 1.89 1.89 1.5 1.41 1.49 2.3
Table 10: Wind data from Changi Meteorological Station, frequency
weighted from sixteen directions between 1998 and 2008
In the rest of this study, the Northern direction is used to prepare the
simulation.
11.3.4 Outlet conditions
A pressure outlet condition is applied at the southernmost side of the
domain as it is downwind since the wind flow blows northerly.
The ground of the domain is taken as a wall whose roughness has to be
fixed.
All other faces surrounding the box are taken as symetry type.
11.4 Computational grid
Meshing the 3D designed domain is one of the most tedious point to achieve
for CFD simulation. Complex geometries with di erent prefered orienta-
tions lead to complex and computationally expensive mesh generation with
often quality issues.
As we are dealing with very large-scale domains, a particular attention
needs to be given to the total number of cells which should be kept low
enough to allow the simulatuon to be conducted in a reasonnable compu-
tation time even though one would want the highest resolution possible.
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Firstly, the type of mesh chosen in our case will involve hexahedral cells
(instead of tetrahedral cells) as practice showed that they lead to better
iterative convergence.
The lines of the grid on the buildings should be perpendicular or parallel
to the ground area. It means that the building surface lines are either
horizontal or vertical and any other direction should be avoided.
The software Icepak is chosen in order to perform the mesh generation as it
is fast and user friendly and usually more e cient for hexahedral meshing.
According to some of the best practice guidelines summarized by Blocken
(mostly following the guidelines by Franke et. al. [12] ), the mesh will be
built containing at least :
• 10 cells per cube root of the building volume
• 10 cells in between every two buildings
This is easy to achieve by fixing the number of cells for every building in
all directions and for all faces. The software then generates a mesh that
tries to follow a maximum number of the given conditions.
They advise that the focus height of 2m should coincide with the 3rd or
4th cell above the ground. In order to realize that, the end growth to the
ground is settled to 0.5m
The outermost lines of the mesh need less precision as they are far away
from the complex geometrical features of the domain. The number of cells
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at the boundaries of the volume is therefore decreased and allows to keep
a reasonable total number of cells.
Being given the size of the domain, the number of cells should not exceed
10.106 in order for the simulation to run in decent computation time.
Trying to satisfy all of these conditions, the mesh is generated using the
software. Some areas need to be refined in order to avoid cell distorsion.
Once the mesh is generated, its quality can be checked by Fluent. If
the orthogonal quality and orthogonal skew are good enough, then the
simulation can run. Figure 38 shows the final mesh used for simulation.
(a) Isometric view
(b) Top view
Figure 38: Hexahedral mesh of the computational domain
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11.5 Results and discussion
After starting running the simulation, 2038 iterations were necessary to
allow convergence of the results to a stationary state.
Figure 39 (a) shows the profile of windspeed over 11 di erent plans coin-
ciding with the North-Shouth direction going through the urban environ-
ment. On the graphs, the wind is flowing from right to left according to
the boundary conditions detailed in the previous parts. The bottom right
corner of the Figure shows a top view of the 11 plans.
Figure 39 (b) presents the surface windspeed profile at 2m height. Results
show a clear reduction of the wind speed in the wake of the flow, after
meeting the buildings. The velocity of air flux varies tremendously with
urban density and reaches zero in several parts of the area.
Pathlines showing velocity magnitude are displayed on Figure 40.
In Singapore, the annual average relative humidity is 83% for a dry bulb
air temperature of 27.2¶C and a relative pressure of 1010 hpa. This is
equivalent to 19.7g/kgAir absolute humidity. The global solar radiation
(averaged annualy) is 1452BTU.m≠2 equivalent to 425W.m≠2 (see Ap-
pendix B.2).
According the expression developed by Cheng et. al. [11], the thermal
sensation is found to be TS = 1.79 on the 7-points scale ranging from -
3 to 3. This is in the “too hot” domain. Increasing the wind speed in
the vincinity would help decrease the thermal sensation and increase the




Figure 39: (a) Vertical contour map for 11 di erent positions in the area.
(Bottom right corner : position of the 11 plans). (b) View of the surface
windspeed at the height of 2m above the ground in the sample area.
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Figure 40: Pathlines representing the velocity Magnitude (m.s≠1) of the
area.
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12 CFD study : conclusion
In tropical cities like Singapore su ering from hot and humid climate with
limited land for developement, the built environment needs to be thought
carefully. Emphasis needs to be put on ventilation and the natural wind
ressources of the country need to be used intelligently in order to preserve
citizens from thermal discomfort and reduce the high part of the energy
consumption dedicated to cooling purposes.
The role of wind studies during projects conception and realization is be-
coming even more impotant as CFD modelling is being constantly im-
proved and now allows the production of accurate results on very large
domains of simulation. Urban developers are now able, by promoting ur-
ban ventilation, to reduce energy use and provide better outdoor air quality
and therefore work on projects with a holistic view.
That being said, one has to keep in mind that CFD modeling in urban
environments can be di cult to achieve as it takes into account a lot of




In a context of a large urbanization of the world where global warming
impact has bacame a major issue, emergence of new techniques and sci-
entific progress in various domains now allow urban planners, designers,
architects, engineers, climatologists and all actors of town plannig projects
to adopt new approaches in order to enhance the urban environment and
promote e orts to combat urban heat islands. From behavioural matters
to technical optimization, an holistic view of the projects is now possible,
allowing studies at the building scale as well as the large urban fragment
scale to be conducted.
In this paper, emphasis was made on the use of di erent materials and
the natural ventilation of urban areas which are two major aspects in the
fight against hot microclimates in cities, especially in tropical regions where
the climate is hot and causes people’s discomfort.
It has been measured that certain types of materials are able to alleviate
heat trapped by 15% in inter-buildings areas and therefore decrease air and
surfaces temperatures hence improving comfort and energy saving.
Besides, through a case study, the importance of CFD modelling for city
planning with the aim of improving thermal outdoor comfort and air qual-
ity has been discussed. Stress has been laid on the impact of wind velocity
on thermal sensation and it has been insisted upon the fact that this is an
important ressouce that needs to be taken care of carefully especially in
tropical regions.
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Many other factors such as greening, renewable energy solutions or water
saving can improve the way of living, all of them based on the awareness
of the fact that human behaviours should change and promote a more sus-
tainable way of living. Improving our living environment is also improving
our way of life and acting for our own well-being in a situation where the
elevated temperature and bad quality of the air triggers diseases and pre-
mature deaths in the cities.
People now have the means to make a di erence and go towards a brighter
future in which innovative and e cient smart cities will be at the core of
new prospects in urbanism.
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